Thin-walled structures is used commonly as energy absorbers at the front and back of the coaches. These parts should be designed to minimize the damage to the vehicle and prevent the passengers from fatality and/or injury by absorbing the collision energy in railway transportation. In this paper, deformation behaviors of tube like structures with truncated cone under the axial impact load were investigated by means of finite element analysis (FEA). The energy absorbers having tube like structures were modelled at the same weight and have three different wall thickness and taper angle. As a result of FEA, the performances of straight and truncated cone type energy absorbers were compared in terms of energy absorption capacities and an optimization study was done to determine the effects of thickness and taper angle on energy absorbing performances of the members. The analysis of variance in 95% confidence level was applied in order to determine the effects of design parameters on total efficiency (TE). Besides, optimum design parameters for TE were determined by using Taguchi optimization methodology. Thickness was found as the most significant parameter on total efficiency with 60.52% percentage contribution ratio according to ANOVA results.
Introduction
In railway transport, collision zones have been developed in front and rear of the car to damp the collision energy to prevent catastrophic events such as accidental death and injury. During the accident, the kinetic energy is consumed in a controlled manner by way of these collision zones to preserve the integrity of the passengers and the occupied areas [1] [2] . In order to absorb impact energy, thin-walled tube-like components are generally used as energy absorbing members in vehicles such as cars, planes and trains etc. The static and dynamic axial impact behaviors of these members with different cross sections (circular, rectangular etc.) were examined by means of several experimental and theoretical studies and certain theoretical expressions were suggested according to the crosssectional properties [3] . Energy absorption capabilities and axial impact behaviors of thin-walled tubes depend on many factors such as material properties [4] , member geometry [5] , impact velocity [6] , applied boundary conditions [7] , and forming history [8] . These studies have revealed that the hardening characteristics and strain rate sensivity of the material are significant effects on the collision behavior of the energy absorber [4] . On the other hand, it was stated that the stress-strain relationship of the material has a key place in the numerical simulation of the collision events in which the large deformations occurs [9] . In some studies, trigger structures like holes and groves have been utilized to provide a controlled deformation and to increase energy absorption. One of the most key features of this trigger mechanism is to reduce the initial peak force generated during the impact [10] . And, aluminum foams and honeycomb structures were placed inside the energy absorber to increase the energy absorption capability of the member [11] . The primary energy absorber is one of the crucial structure in the passenger wagon that is designed for the collapse of impact energy. The current primary energy absorber is comprised of two tube like structures in the form of square cross section. Holes are drilled on the member to improve energy absorption capability and the two members are joined to each other using welded intermediate diaphragm like members [12] . In this study, the deformation behaviors of tube like structures in the form of straight and truncated cone members were investigated by means of finite element analysis method. The investigated members have same weight and length and different wall thicknesses. At the end of the study, the axial deformation performances of straight and truncated cone members were compared. An optimization study was done to determine the effects of thickness and taper angle on energy absorbing performances of the members.
Material and Method

Material model and design parameters
High-strength low alloy (HSLA) or micro alloyed steels present a yield strength of 340-420 MPa and ultimate tensile strength of 410-510 MPa, while their uniform elongation ranges between 10 and 25%. Consequently, HSLA steels generally require 25-30% more power to form due to of their higher strength and toughness, for example compared to carbon steels [13] . Thus, the steels are commonly used in trucks, construction equipment, off-highway vehicles, mining equipment, and heavy-duty vehicles for constructing chassis components, buckets and grader blades [14] . In the light of this knowledge, the HSLA 350 steel was chosen as material in the axial collision analysis of the energy absorbers or members used in the passenger coach. The design parameters for energy absorbers was selected as thickness (T) and taper angle (Ta), but the weights of circular section absorbers were kept as constant. The following design parameters were used for the finite element analyses; thickness of 4, 6 and 8 mm, taper angles of 0, 1.5 and 3 degrees. In order to achieve the same weight value, the cross section of the absorber is increased as the thickness is decreased, and the member cross section is decreased as the thickness is increased. In the analysis, the mass and speed values of the impacting wall, which was modelled for the axial deformation of the structure in the form of the tube, were taken from the experiments applied to the existing energy absorber used in passenger coaches [15] . The method and material properties used during modelling are given below. In the axial collision analysis of the energy absorbers made of HSLA350 material, stress strain diagrams of the material were used depending on the strain rate. The stress-strain diagram of the HSLA350 high strength steel, depending on the deformation rate, is given in Figure 1 . Figure 1 . Stress-strain diagram of HSLA 350 steel [6] In LS-DYNA, these stress-strain values were defined using the Type-24 material model. This material model is defined as a piecewise linear isotropic elastic-plastic material model. In Type-24 material model, the effect of strain rate is achieved by Cowper-Symonds equation. In this equation, the yield stress is multiplied by the factor given below [16] . In the equation (1), , , , D and p are dynamic yield stress, yield stress, deformation rate and Cowper-Symonds material constants, respectively.
Finite Element Model
In this study, the deformation behaviors of thin-walled tubes under axial load were examined by the software of LS-DYNA. When describing the boundary conditions in the finite element model, existing installation conditions were considered. Under existing conditions, one end of one energy absorbing member free and the other is welded to the frame of the CEM (Crash Energy Management) system (Fig. 1 ). For this reason, all the degrees of freedom of the base nodes of the modelled member were restricted and no boundary conditions were applied to the ceiling nodes. The impacting body was modeled with a rigid plate with a mass of 2500 kg and a velocity of 21 m/s. The finite element model of the energy absorber used in the analyses is given in Fig.  2 .
Figure 2. Finite element model of energy absorber
The automatic contact option was used to prevent the folding surfaces from penetrating into each other during deformation, and the friction coefficient was taken as 0.25 for dynamic and static conditions. In addition, the friction coefficient for the friction between the moving rigid plate and the tube was also taken as 0.25. Belytscho-Tsay shell elements with six degrees of freedom for each node and five integration points along the thickness was chosen for meshing the tube because of frequently used element type in the collision analysis for giving short solution times and approximate value assignments [9] . Consequently, the mesh size used in the analyses was chosen to be about twice the thickness value used for each energy absorber according to Ref. [10] .
Results and Discussion
In this section, axial deformation behaviors of straight and truncated (with angles of 1,5° and 3°) tube-like structures under dynamic loading conditions were investigated.For truncated and straight circular crosssection members, rigid wall force-displacement graph is given in Figure 3 , the mean force-displacement and absorbed energy displacement graphs are given in Figure 4 . The deformation patterns of straight and truncated (with angle of 1,5°) members with wall thicknesses of 4 and 6 mm are given in Figure 5 . It is seen from Figure 7 that the local maximum and minimum force values are comprised during the formation of the folds in the axial deformation of the energy absorbing members. In the formation of the first fold the rigid wall force value reaches its maximum and then decreases suddenly. During the formation of the second and subsequent folds, the force fluctuates between the local maximum and minimum values. Al Galib and Limam [17] emphasized this situation that, the initial force required to form the first fold of the member should be high because there is no deformation at the beginning of the tube. When the formation of the first fold, deformations occur in the member and that these deformations reduce the subsequent peak forces.
If the member has the capability to absorb the current impact energy, the force value reaches zero at the rigid wall force-displacement graph. Otherwise, the member loses its energy absorbing ability and starts to behave like a rigid body.When the rigid plate wall force-displacement graph is examined (Fig. 3) , it is seen that the rigid wall force increases again towards the end of the analysis due to the loss of energy absorbing ability of members with 4 mm thickness. According to the average deformation force-rigid plate displacement graph (Fig. 4) , it is seen that the average deformation force is increases as the thickness increases because a rigid structure is obtained at the same member weight. Though the weight is the same, the member becomes more rigid as the thickness increases. In this study, axial deformation behaviors of equally weighted members were examined, hence the crosssectional dimensions change with increasing thickness. Even though the thickness and the cross-sectional properties of the members change, the amount of material required for plastic deformation remains the same. In this case, the increase of the average deformation force is due to the increase of the full plastic bending moment = ℎ /4 required for buckling when the thickness increases. Figure 4 shows a comparison between straight and truncated members, it is seen that the average deformation force values of straight members are higher than those with truncated members with the same wall thicknesses. The amount of maximum deformation and the change in initial peak force with respect to thickness and taper angle for the members in the form of straight and truncated cone are given in Figure 6 . Figure 6 . The effect of taper angle on maximum deformation of the member and initial peak force As can be seen from the Figure 6 , the amount of maximum deformation decreases as the thickness of the member increases. When the effect of the taper angle on the maximum deformation is examined for the same thickness elements, the amount of maximum deformation increases as the taper angle of the member increases. The low initial peak force is desirable feature for energy absorbing members. Therefore, when the change of the first peak force with the taper angle is examined, it is seen that as the taper angle increases, the initial peak force decreases. The reduction in the initial peak force is very small for the straight elements, but this reduction is more pronounced for the truncated elements. The cross-sectional area of the member is decreased to provide the same weight as the thickness of the element increased. From the initial peak force vs angle graph, the initial peak force decreases even if the thickness of the member increases.
Optimization Procedure
The effect levels of design parameters on total efficiency (TE) were determined according to experimental results with %95 confidence level of analysis of variance (Table 1) .Here, degree of freedom (DF), the sum of squares (SS), mean square (MS), F-ratio and the percent contribution ratio (PCR) is shown. The F-ratios and their PCR values have been considered to identify the significance levels of the design parameters. Table 1 shows that the most effective parameter is thickness of energy absorber with PCR of 60.52%. The taper angle is secondary important with PCR of 29.01% on the total efficiency according to ANOVA results. 
Optimization of design parameters
Design parameters for energy absorbers were optimized based on Taguchi method. Therefore, the-larger-thebetter approach was applied due to desire of maximum total efficiency (TE) which is determined as performance characteristic in finite element modelling. The design parameters giving optimum total efficiency value were determined in optimization study according to S/N ratio [18] . In the Eq. (2), n and y shows the number of simulations and performance characteristic, respectively.
The total efficiency which is calculated with the data obtained from finite element analysis and S/N ratios are given in Table 2 . Statistical analyses and optimization studies were performed via Minitab software. S/N ratios of parameters are considered in Taguchi optimization method. The highest S/N ratio shows the optimum level of parameters according to "the-larger-the-better" approach. S/N ratios calculated by simulation results of total efficiency are shown in main effect plot (Fig. 7) . Also, the variation of S/N ratios according to parameters is given in Table 3 . It was shown that thickness is the most important thickness on TE when examining the main effect plots in Fig. 7 and the difference (Δ) between maximum and minimum values of S/N ratios in Table 2 . The optimum levels for minimum TE according to S/N ratios were determined as T2, Ta3. Average of FE simulation results performed at optimal levels are evaluated by Eq. (3) to forecast the mean for the improvement conditions. Eq. (1) which is the expression of calculated total efficiency (TE) is derived from Eq. (4).
Where, is the S/N ratio calculated at optimal level of factors (dB), ̅ is the mean S/N ratio of all parameters (dB), ̅̅̅ and ̅̅̅ are the mean S/N ratio once thickness and taper angle are at optimum levels, and TE cal is the calculated value. Consequently, and TE cal for optimum design parameters were determined as -9.4785 dB and 0.3358, respectively. Lastly, confirmation experiments with FE modelling were done by using the optimum design parameters after the determination of these factors for TE and thus reliability of the optimization has been confirmed. The FE simulations conducted by considering the confidence interval (CI) calculated from Eqn. (5) and (6) [19] .
Where; , , is the F-ratio at the 95 % significance level, is the importance level, υ e is the degree of freedom of the error, Ve is the error variance, n eff is the effective number of replications, r is the number of replications for the verification test. In Equation 6 , N is the total number of experiments and υ T is the total main factor of the degree of freedom. Total efficiency obtained with FE simulation (TE exp ), calculated total efficiency (TE cal ), and S/N ratios (η exp , η cal ) for TE are given by comparing between simulation results and calculated values (Table 4) . Table 4 shows differences between confirmation experiment results and calculated values and their S/N ratios obtained by using Eqn. 2 and 3. As can be seen from the Table4, a difference of 0.7529 dB is under the confidence interval of 1.6893 dB for total efficiency. Thus, the optimum levels of design parameters for total efficiency were approved as confident. 
Conclusions
In this study, the axial deformation behaviors of the energy absorbing members in the form of straight and truncated (with angles of 1,5° and 3°) tubes were investigated under the impact force acting on the existing primary energy absorbing member. Initially, deformation performances were compared with the condition that the weight and length of the energy absorbing members were the same. As a result of comparison, it was found that the average deformation force values of straight members are higher than those with truncated members with the same wall thicknesses. When the thickness of the member is increased, the average deformation force increased due to the increase of the full plastic bending moment required for buckling. Though the weight is the same, the member becomes more rigid as the thickness increases. It was realized that the amount of maximum deformation decreases as the thickness of the member increases and increases as the taper angle of the member increases for the same thickness elements. The low initial peak force is desirable feature for energy absorbing members. Therefore, when the change of the first peak force with the taper angle is examined, it is seen that as the taper angle increases, the initial peak force decreases. Consequently, design parameters for energy absorbers were optimized based on Taguchi method. Therefore, the-larger-the-better approach was applied due to desire of maximum total efficiency (TE) which is determined as performance characteristic of the member. The design parameters giving optimum total efficiency value were determined in optimization study according to S/N ratio. According to optimization study, the optimum energy absorbing member was determined as a truncated member with the 6mm thickness and taper angle of 1.5°. The effects of taper angle and thickness on total crush efficiency of the member calculated as 10.38 % and 10.64 % respectively.
